Abstract. The basic concepts and characteristics of Raman spectra from carbon nanotubes (both isolated and bundled) are presented. The general characteristics of the radial breathing mode, tangential mode (G band), disorder-induced mode (D-band) and other Raman features are presented, with the focus directed toward their use for carbon nanotube characterization. Polarization analysis, surface enhanced Raman spectroscopy and complementary optical techniques are also discussed in terms of their advantages and limitations.
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by sonication do not rejoin [4] . However, the presence of the SDS micelles should modify the basic properties of the nanotubes to some extent.
Resonance Raman spectra from SWNTs were acquired using standard commercial microRaman spectrometers and lasers, including systems connected with central user facilities, such as a Renishaw (1000B) spectrometer and a Kaiser (Hololab 5000R) single-monochromator microRaman spectrometer, and also a Dilor XY triple-monochromator micro-Raman spectrometer, using a back-scattering configuration for all measurements and 50×, 80× and 100× objective lenses (∼1 µm spot size for the 100× objective). Relatively high laser powers (up to 40 × 10 9 W m −2 ) can be used to probe isolated SWNTs because of their unusually high thermal conductivity values (3000 W m −1 K −1 ) [5] , their excellent high temperature stability and their good thermal contact to the substrate. A triple-monochromator is ideal for the Raman measurements while tuning the excitation laser line continuously, but the acquired intensity drops substantially when compared to the intensity obtainable from a single-monochromator spectrometer. We have measured the Raman spectra from SWNTs using discrete lines from Ar-Kr and He-Ne lasers and also using a continuous range of excitation energies from both a Ti:sapphire and a dye laser. We have observed stable nanotube Raman signals for laser powers impinging on the substrate up to 40 mW into a 100× objective. We usually use laser powers of about 10 mW in our measurements, although measurements have been carried out successfully with laser power levels down to 1 mW (∼1 × 10 9 W m −2 ). In the process of measuring the Raman spectra from isolated SWNTs on a Si/SiO 2 substrate using a fixed laser energy E laser , we focus the laser spot on the substrate surface and we scan the sample until we observe the Raman signal from an isolated SWNT. The Raman intensity from SWNTs is usually buried under the noise, except for a few (n, m) SWNTs for which the resonance with the given E laser occurs strongly for the electronic states confined within the van Hove singularities (vHSs). The observation of the weak Si feature at 303 cm −1 is a useful guide for knowing whether the radial breathing Raman mode from an isolated SWNT can be measured. Figure 1 (a) shows an example of Raman signals from two resonant SWNTs in two different spots on the Si/SiO 2 surface. The peaks at 156 and 192 cm −1 are the RBMs from the resonant SWNTs, while the step at 225 cm −1 and the peak at 303 cm −1 come from the Si substrate. For various experiments of interest, we have used samples with a variety of nanotube densities, ranging from low density samples (∼0.4 SWNT µm −2 ) to higher density samples (∼10 SWNT µm −2 ). Samples with a high nanotube density (more than 1 SWNT µm −2 ) guarantee that the search for resonant nanotubes will not be so tedious, but a low density sample (less than 1 SWNT µm −2 ) guarantees that one will not get a Raman signal from two or more SWNTs within the same light spot. A spectrum containing a signal from more than one SWNT restricts the wealth of information that is provided at the single nanotube level. Figure 1 (b) gives a general view of the Raman spectra from a sample of SWNT bundles. The lower trace shows the two dominant Raman features, the RBM and the tangential (G band) features. In the upper trace, the background intensity is increased to show the rich Raman spectra over the entire first-and second-order phonon frequency range between the RBM and G features, including the disorder-induced D band and other lower intensity features. The power used to measure the Raman spectra for SWNT bundles without burning the sample should be much lower than for isolated SWNTs, usually not higher than 1 mW using a 100× objective lens.
The Raman features are analysed by a Lorentzian fit of the spectra, with the exception of the lower frequency G-band feature, denoted by G − , which, for metallic SWNTs is observed to have a Breit-Wigner-Fano (BWF) lineshape (broad and asymmetric peak), though the G are the RBM from resonant SWNTs, while the steps at 225 cm −1 and the peaks at 303 cm −1 come from the substrate. The spectra were taken with a single monochromator, six accumulations of 30 s, 10 mW of the 514 nm laser (E laser = 2.41 eV) impinging on the sample through a 50× objective. (b) Raman spectra from SWNT bundles taken with E laser = 2.41 eV. The most intense features are the RBM and G-band. The background is enlarged to show the richness of the Raman spectra from SWNTs over this large frequency range. feature for semiconducting SWNTs remains Lorentzian. Although it is known that the disorderinduced D band appears in the Raman spectra of graphite-like materials through a double resonance process [6, 7] , where inhomogeneous broadening occurs, we use the Lorentzian fit as an approximation to interpret the behaviour of the D band.
Importance of the electronic structure and excitation laser energy
Usually Raman spectra only involve phonons explicitly, being independent of the electronic structure of the material and the laser energy used to excite the Raman spectra. Furthermore, the usual Raman scattering signal is weak. However, the scattering efficiency gets larger when the laser energy matches the energy between optically allowed electronic transitions in the material, and this intensity enhancement process is called resonance Raman scattering [8] . The resonance Raman intensity depends on the density of electronic states (DOS) available for the optical transitions, and this property is very important for one-dimensional (1D) systems, as we discuss in what follows. [9] (see caption). Each pair of indices defines a unique way to roll up the graphene sheet to form the nanotube, and each unique (n, m) nanotube has a distinct electron and phonon structure. An observable Raman signal from a carbon nanotube can be obtained when the laser excitation energy is equal to the energy separation between vHSs in the valence and conduction bands (e.g., see E figure 2 ), but restricted to the selection rules for optically allowed electronic transitions [10] - [12] . Because of this resonance process, Raman spectra at the single nanotube level allow us to study the electronic and phonon structure of SWNTs in great detail. When Raman spectra of SWNT bundle samples are taken, only those SWNTs with E ii in resonance with the laser excitation energy E laser will contribute strongly to the spectrum.
For the characterization of nanotubes by Raman spectroscopy, it is useful to consider plots of the energies E ii versus the nanotube diameter, d t , as shown in figure 2(d) [15] . Each point in this plot represents one optically allowed electronic transition energy (E ii ) from a given (n, m) SWNT. Crosses come from semiconducting SWNTs, and circles from metallic SWNTs. This plot should be considered as a guide for answering the question 'if I use a given E laser to excite my sample, which (n, m) carbon nanotubes can be in resonance with my laser line?' In other words, since the observable Raman spectra come predominantly from tubes in resonance with E laser , figure 2 specifies the nanotubes that will be observable for a given laser line.
Radial breathing modes-RBM
The RBM Raman features (appearing between 120 cm −1 < ω RBM < 250 cm −1 for SWNTs within 1 nm < d t < 2 nm) correspond to the atomic vibration of the C atoms in the radial direction, as if the tube was breathing (see figure 3 ). These features are very useful for characterizing nanotube diameters through the relation ω RBM = A/d t + B, where the A and B parameters are determined experimentally. For typical SWNT bundles in the diameter range d t = 1.5 ± 0.2 nm, A = 234 cm −1 nm and B = 10 cm −1 has been found for SWNT bundles [16] (where B is an upshift coming from tube-tube interaction). For isolated SWNTs on an oxidized Si substrate, A = 248 cm −1 nm and B = 0 have been found [3, 17] . It is important to point out that, for the usual diameter range 1 nm < d t < 2 nm, these two sets of parameters give similar d t for a given ω RBM , differing considerably only for d t < 1 nm and d t > 2 nm (see figure 4) . However, for d t < 1 nm, the simple ω RBM = A/d t + B relation is not expected to hold due to nanotube lattice distortions leading to a chirality dependence of ω RBM [18] . For large diameter tubes (d t > 2 nm) the intensity of the RBM feature is weak and is hardly observable.
As discussed in the previous section, it is useful to have the (E ii versus d t ) plot (figure 2(d)) on hand when acquiring the RBM spectra from a SWNT sample. Figure 5 shows a connection between the (E ii versus 1/d t ) plot (bottom) and the (I RBM versus ω RBM ) Raman spectra (top) using the relation ω RBM = 248/d t . Suppose that one measures the Raman spectra from a sample composed of all the possible (n, m) nanotubes (real samples usually exhibit a Gaussian diameter distribution around some mean diameter, but this contrived sample will be used here for gaining an understanding of how to use figure 2(d)). The hypothetical Raman spectra that would be observed from this sample would depend on the energy of the excitation laser light, and using E laser = 1.58 eV (785 nm from the Ti:sapphire laser) for example, the Raman spectra would look like the curve shown in figure 5 (a). This Stokes spectra was calculated considering the Raman cross section to be proportional to the square of 1/[( to account for the resonance Raman process [16] . E phonon is the phonon energy and r is the broadening factor related to the lifetime for the excited state ( r = 8 meV [20] ). For the Raman spectra of a real sample taken with a given E laser , the resonance profile will be compounded by the Gaussian distribution of the sample. It is clear that a single Raman measurement gives an idea of the tubes that are in resonance with that laser line, but does not give a complete characterization of the diameter distribution of the sample. However, by taking Raman spectra using many laser lines, a good characterization of the diameter distribution in the sample can be obtained [16] .
The natural linewidths for the RBM feature observed for isolated SWNTs are γ RBM = 3 cm −1 , although larger RBM values are usually observed due to broadening effects [19] . The broadening has been observed to increase as the SWNT diameter is increased, and RBM > 20 cm −1 values have been observed for d t > 2 nm [19] . For the features observed in SWNT bundles, the linewidth will not reflect RBM , but it will rather reflect the ensemble of tubes in resonance with E laser .
In summary, a careful analysis of figure 2(d), considering the E laser line to be used, should be made to correctly understand the RBM information that can be obtained from the Raman spectra from an actual SWNT sample.
It is also important to point out that, at the single isolated SWNT level, accurate determination of the E ii for the resonant SWNT can be done by using a tunable laser (E ii definition with ±3 cm −1 accuracy-see [20] ), or simply by measuring the Stokes and anti-Stokes signals, E ii can be obtained with a single laser line (E ii definition with ±10 cm −1 accuracy-see [21] ).
Tangential modes-G band
The observation of characteristic multi-peak features around 1580 cm −1 also provides a signature of carbon nanotubes. Spectra in this frequency range can be used for SWNT characterization, independent of the RBM observation. This multi-peak feature can, for example, also be used for diameter characterization, although the information provided is less accurate than the RBM feature, and it gives information about the metallic character of the SWNTs in resonance with a given laser line.
The Raman-allowed tangential mode in graphite is observed at 1582 cm −1 , and is called the G mode (from graphite) (see figure 6 ). Unlike graphite, the tangential G mode in SWNTs gives rise to a multi-peak feature, also named the G band, where up to six Raman peaks can be observed in a first-order Raman process. However, a simple analysis can be carried out considering the two most intense peaks, that basically originate from the symmetry breaking of the tangential vibration when the graphene sheet is rolled to make a cylindrically shaped tube (see figure 3) . The two most intense G peaks are labelled G + , for atomic displacements along the tube axis, and G − , for modes with atomic displacement along the circumferential direction (see figures 3 and 6), and the lowering of the frequency for the G − mode is caused by the curvature of the nanotube which softens the tangential vibration in the circumferential direction.
The difference between the G band lineshape for semiconducting and metallic SWNTs is evident in the lineshape of the G − feature (see figure 6 ), which is broadened for metallic SWNTs in comparison with the Lorentzian lineshape for semiconducting tubes, and this broadening is related to the presence of free electrons in nanotubes with metallic character [22, 23] . This broadened G − feature is usually fit using a BWF line that accounts for the coupling of a discrete phonon with a continuum related to conduction electrons [23, 24] . This BWF line is observed in many graphite-like materials with metallic character, such as n-doped graphite intercalation compounds (GIC) [25] , n-doped fullerenes, as well as metallic SWNTs.
Considering the (E ii versus d t ) plot in figure 2(d), for a given E laser line, one can predict the diameter range where semiconducting-like G − band lineshapes will be observed and the diameter range for which the metallic-like G − band should be observed [22] . Observation of a metallic-like G band when a semiconducting lineshape should be observed indicates the presence of charged impurities [26] . Figure 7 shows the diameter dependence of the G + frequency (ω G + ) and the G − frequency (ω G − ) for metallic and semiconducting SWNTs (see also figure 9 ). While ω G + is practically independent of tube diameter, ω G − decreases when decreasing d t , and this decrease becomes larger as the curvature of the sheet increases [27, 28] . Therefore, the splitting ω G = ω G + − ω G − can be used for diameter characterization (see table 1 ). If isolated SWNTs are measured, the Diameter dependence for ω G + and ω G − for several isolated semiconducting and metallic SWNTs. Filled and open symbols apply for semiconducting and metallic tubes, respectively. The lines are fit to the experimental points (see table 1 ).
value of ω G refers to the particular tube in question, but if SWNT bundles are measured, the ω G will be roughly related to the maximum in the Gaussian diameter distribution of the sample, but does not accurately reflect the diameter dependence of ω G − [29] .
The linewidths G + for the G peaks from isolated SWNTs are usually around 5-15 cm −1 , and the same range of linewidths for G − are found for semiconducting isolated SWNTs [19] . For semiconducting SWNTs in bundles, the linewidths are related to the diameter distribution, and therefore the broadening principally occurs for G − . For metallic SWNTs, the broadening is minor for G + , while for G − a significant broadening occurs, and it is found that the linewidth for the BWF line is strongly dependent on tube diameter. For isolated tubes with d t > 2 nm, G − is similar to semiconducting SWNTs, and the line mostly looks like a normal Lorentzian, reflecting the small magnitude of the BWF effect. The BWF effect increases as the tube diameter decreases, causing the G − feature to become more asymmetric and broad (see figure 9 ). Values of G − > 70 cm −1 have been observed for isolated metallic SWNTs [19] . It is important to comment here that there are recent works reporting evidence for the G band Raman signal originating from a double resonance mechanism [30, 31] . In such a case, the G band intensity depends on defects and its frequency is E laser dependent, making it complicated to use their Raman spectra for SWNT characterization. However, it can be shown that the double resonance and single resonance mechanisms exhibit the same intensity in a defective material, while the single resonance process is two orders of magnitude higher in intensity than the double resonance process for a good quality aligned sample [32] , and the Raman spectra can be used for SWNT characterization of good quality samples.
Polarization analysis
Polarization of the incident and scattered light is not an important issue for a sample of misaligned carbon nanotubes, but polarization effects are very important for the Raman response of a sample of aligned carbon nanotubes (either aligned bundles or a single straight carbon nanotube).
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Frequency (cm [3] . b This value was obtained using the E laser = 2.41 eV. By using the spectra obtained with 1.58 eV, a −18.9 value for β was obtained for the D band [42] . c The coefficient n = 2 was found by analysing the G band with only two Lorentzian peaks [27] . A different value is found when using six Raman allowed peaks to fit the G-band spectra [28] . d The coefficient β for the G − component is, respectively, −45.7 and −79.5 cm −1 nm 2 for semiconducting and metallic SWNTs, and 1.58, 2.41 and 2.54 eV laser lines were used to obtain the G-band experimental results used in the fitting procedure [27] . e Reference [43] .
Although strict polarization studies require selection rules and phonon/electron symmetry analysis [28, 33, 34] , there is a general and simple polarization behaviour that one should have in mind when acquiring the Raman spectra from a sample of aligned carbon nanotubes. Carbon nanotubes behave as antennas, with the absorption/emission of light being highly suppressed for light polarized perpendicular to the nanotube axis [35, 36] . Therefore, if one wants to measure Raman spectra from a sample of aligned carbon nanotubes, the largest Raman intensity will be generally observed for light polarized along the tube axes, and almost no signal will be observed for cross polarized light (see figure 8) [37]- [40] . This 'antenna effect' is found to become less efficient as the tube diameter increases, but the polarization effect is highly effective in the range 0.4 nm < d t < 2 nm.
In single nanotube spectroscopy, where the sample is not optically visible, it is helpful to optimize the signal by using a λ/2 wave plate to rotate the polarization of the incident and scattered light [37] . Attention to the polarization of the light is important for carrying out quantitative studies of the Raman intensity.
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Disorder-induced D band
The first question one has about the D band in the carbon nanotube spectra is: 'Can I use it for defect characterization?' Up to now, there is no definitive answer to this question since no systematic study has yet been carried out to correlate the presence of the D band with different defect types (such as hetero-atoms, vacancies, heptagon-pentagon pairs, kinks, or even the presence of impurities, etc). However, relevant information has been obtained, as discussed in what follows.
From a large number of Raman spectra from isolated SWNTs (over 100 signals from physically different tubes), about 50% exhibit observable D band signals with weak intensity (usually 100 times smaller than the G band-see figure 9 ). In isolated carbon nanotubes, a large D peak compared with the G peak usually means a bad resonance condition (i.e., E laser is not close to E ii ). In these cases, the observation of a peak around 1450 cm −1 is also common (see figure 9 ). Note that in figure 1(b) the D band is very weak, with an intensity similar to the many other SWNT features observed in the frequency range between the RBM and the G band, discussed in the following section. The observation of large D-band peaks compared with the G peak intensity in SWNT bundles usually indicates the presence of amorphous carbon [41] .
There are two characteristics that differentiate the D band in carbon nanotubes from the D band in defective graphite. [19] . It is usual to observe the Raman spectra from SWNT samples to be composed of a broad peak upon which is superimposed a sharper peak, the broad feature coming from amorphous carbon and the sharper feature coming from the carbon nanotubes. Finally, the D band also exhibits a very important property that is a frequency dependence on chiral angle. This topic will be discussed in the next section together with other chiralitydependent features.
Other Raman features
The rich spectral features between the RBM and G modes (see figure 1(b) ) originate from either a double-resonance process [6, 7] or from folding the phonon dispersion of 2D graphite into a 1D Brillouin zone. Most of the peaks are so weak that they must be viewed on an expanded scale to appear clearly in the spectra, and the physics needed to understand their behaviour is also more sophisticated.
These peaks are interesting for nanotube characterization, first because they give information about many phonon branches, important for transport, thermal and mechanical properties of carbon nanotubes, and second because they exhibit chirality-dependent frequencies. This chirality dependence of the peak frequencies for the weak spectral features can be understood, considering that they come from the interior of the anisotropic 2D phonon Brillouin zone. Different (n, m) nanotubes mean different folding of the 2D phonon dispersion. For a fixed phonon wavevector magnitude |q| from a high symmetry point (e.g., the K point), the phonon frequencies are different for different phonon propagation directions. During the folding process, this property results in having the phonon frequencies for nanotubes with fixed diameters, depend on chiral angle. For example, the D band was shown to exhibit a ω D = 24 cm −1 frequency difference between armchair and zigzag carbon nanotubes [44] .
However, this analysis is useful mostly for isolated SWNTs. For SWNT bundles, the D-band spectrum usually shows an overlap of many peaks from different (n, m) tubes in resonance with E laser . Analysis of the detailed lineshape of the D-band can be performed based on resonance Raman theory [45] . Similar chirality-dependent effects are observed for the other weak features in the Raman spectra occurring in the spectral region between the RBM and G-band features.
Complementary optical techniques
SERS can be considered as a complementary technique to probe carbon nanotubes. SERS has been developed to probe the Raman spectra from single molecules, whose weak Raman signal would not otherwise be observable. In the case of carbon nanotubes, this technique can be important for observing the Raman spectra from carbon nanotubes that do not satisfy the resonance condition for a given E laser . Although many studies have been carried out to show the enhancement of the Raman signal from carbon nanotubes when using SERS [46] - [49] , a systematic study of the difference between SERS enhanced versus resonantly enhanced carbon nanotube signals is still to be performed.
Infrared (IR) spectroscopy, optical absorption and luminescence have also been used to study carbon nanotubes. IR has been applied to SWNT bundles [50, 51] , optical absorption has been used to study both isolated SWNTs [4] and carbon nanotube bundles [15] , while luminescence has been observed from isolated semiconducting SWNTs [4] .
For phonon studies, Raman spectroscopy has been by far the most informative and sensitive technique. The IR signal from carbon nanotubes is very weak [50, 51] , and it does not exhibit the rich resonance effect that couples electrons to photons. However, IR has been used to study the plasma frequency in carbon nanotubes and the presence of mini-gaps (meV) in 'quasi-metallic' SWNTs [51] . Furthermore, a quantitative procedure for the evaluation of the carbonaceous purity of bulk quantities of as-prepared SWNT soot can be obtained by the utilization of solution-phase near-IR spectroscopy [52] .
For electronic studies, optical absorption and luminescence have strong advantages over Raman spectroscopy:
(i) the signals are usually much stronger; (ii) scanning over excitation laser energies is usually easier; (iii) these techniques usually probe lower energy bands, such as E S 11 , which are not as accessible with standard available Raman equipment.
These techniques can also be used for E ii measurements, although for a complete structural (n, m) assignment, they require additional information that can be obtained only from using joint techniques, such as Raman measurements of the RBMs, for example [4, 53] . Furthermore, the luminescence signal can only be observed for isolated semiconducting SWNTs. Bundled tubes usually exhibit non-radiative electron-phonon recombination processes that greatly restrict the excited state photon lifetime and strongly compete with the luminescence process [4, 53] . Also metallic tubes have no energy bandgap, and therefore there is no corresponding light emission.
Multi-wall carbon nanotubes-MWNTs
For Raman scattering, multi-wall carbon nanotubes can be said to be an ensemble of carbon nanotubes with diameters ranging from small to very large. Because of the large diameter of the outer tubes for typical MWNTs, most of the characteristic differences that distinguish between the Raman spectra in carbon nanotubes from that for graphite are not so evident in MWNTs. The Raman features associated with the small diameter inner tubes can sometimes be observed when a good resonance condition is established [54, 55] , but it is not the usual result. The RBM from large diameter tubes is usually too weak to be observable. Figure 6 shows the G band for a MWNT bundle sample. The shoulder at higher frequency (∼1618 cm −1 ) is typical of defective graphitelike materials and can be smaller in better quality MWNT samples. Whereas the G + − G − splitting is large for small diameter tubes (see section 5), this double-peak G band splitting for large diameter MWNTs is both small and smeared out because of the diameter distribution and therefore the G feature predominantly exhibits a weakly asymmetric characteristic lineshape, with a peak appearing at the graphite frequency 1580 cm −1 . These properties makes it more difficult to differentiate the Raman signal of MWNTs from that of graphite.
Final remarks
It is important to stress once more that when studying the Raman signal from SWNTs, the Kataura plot of E ii versus d t , showing the (n, m) SWNTs for which E laser = E ii , should be used as a guide for understanding the Raman spectra from SWNTs, both in bundles and as isolated tubes. A simple tight binding model considering only nearest-neighbour coupling (γ 0 = 2.9 eV and s = 0) is satisfactory for interpreting most of the features of the general Raman spectra. For small diameter tubes (below 1 nm) and for lower energy transitions E S 11 a more complete model must be considered [4, 17] .
The use of Raman spectroscopy for characterizing SWNT bundles is easy, and is one of the best characterization tools. Even on 'dirty' samples (full of amorphous carbon, catalyst or any other impurities), it is common that high laser powers burn impurities first, leaving cleaner SWNT samples behind [56, 57] . This process can be followed by an improvement in the characteristic Raman signal of the sample when the incident laser power is slowly increased. Raman spectroscopy becomes even more powerful for isolated SWNTs, giving detailed and accurate structural and electronic characterization. The Raman experiment is simple, can be done at room temperature and ambient pressure, and is quick, non-destructive and non-invasive.
